Summary Summary Schizophrenia is widely held
Schizophrenia is widely held to stem from the combined effects of to stem from the combined effects of multiple common polymorphisms, each multiple common polymorphisms, each with a small impact on disease risk.We with a small impact on disease risk.We suggest an alternative view: that suggest an alternative view: that schizophrenia is highly heterogeneous schizophrenia is highly heterogeneous genetically and that many predisposing genetically and that many predisposing mutations are highly penetrant and mutations are highly penetrant and individually rare, even specific to single individually rare, even specific to single cases or families.This'common diseaseĉases or families.This'common diseaser are alleles' hypothesis is supported by rare alleles' hypothesis is supported by recent findings in human genomics and by recent findings in human genomics and by allelic and locus heterogeneity for other allelic and locus heterogeneity for other complex traits.We review the implications complex traits.We review the implications of this model for gene discovery research of this model for gene discovery research in schizophrenia. in schizophrenia.
Declaration of interest
Declaration of interest None.
None. Funding detailed in Acknowledgements. Funding detailed in Acknowledgements.
Current research in the genetics of schizoCurrent research in the genetics of schizophrenia is guided primarily by the 'common phrenia is guided primarily by the 'common disease -common alleles ' model ( disease -common alleles' model (Chakra-Chakravarti, 1999) . This model originated from varti, 1999) . This model originated from the hypothesis that the illness results from the hypothesis that the illness results from the cumulative impact of multiple common the cumulative impact of multiple common small-effect, genetic variants, interacting small-effect, genetic variants, interacting with environmental exposures to exceed a with environmental exposures to exceed a biological threshold (Gottesman & Shields, biological threshold (Gottesman & Shields, 1982) . The 'common disease -common 1982) . The 'common disease -common alleles' model for schizophrenia is heurisalleles' model for schizophrenia is heuristically appealing. The illness is relatively tically appealing. The illness is relatively frequent and is found worldwide. Thus frequent and is found worldwide. Thus common susceptibility alleles common susceptibility alleles shared across shared across populations are plausible. The 'common populations are plausible. The 'common disease -common alleles' model has also disease -common alleles' model has also been posited to explain the variable and inbeen posited to explain the variable and inconsistent results of linkage studies devoted consistent results of linkage studies devoted to finding genes of large effect responsible to finding genes of large effect responsible for schizophrenia, and the weak associafor schizophrenia, and the weak associations of various candidate genes with tions of various candidate genes with schizophrenia. Furthermore, mathematical schizophrenia. Furthermore, mathematical modelling suggested that the observed modelling suggested that the observed decline in recurrence risk of disease with decline in recurrence risk of disease with increased genetic distance from affected increased genetic distance from affected individuals is inconsistent with monogenic individuals is inconsistent with monogenic inheritance of large-effect alleles (Risch, inheritance of large-effect alleles (Risch, 1990) . As pointed out by Risch, these mod-1990). As pointed out by Risch, these models were based on the assumption that the els were based on the assumption that the illness was genetically homogeneous illness was genetically homogeneous throughout the population for which the throughout the population for which the recurrence risks were calculated (Risch, recurrence risks were calculated (Risch, 1990) . Increasing evidence suggests that 1990). Increasing evidence suggests that schizophrenia is genetically heterogeneous schizophrenia is genetically heterogeneous ( (Fanous & Kendler, 2005) . If so, then re- Fanous & Kendler, 2005) . If so, then recurrence risk data are also consistent with currence risk data are also consistent with monogenic inheritance of large-effect alleles monogenic inheritance of large-effect alleles in a proportion of people with schizoin a proportion of people with schizophrenia, with different alleles for different phrenia, with different alleles for different families. families.
We suggest that the 'common diseaseWe suggest that the 'common diseaserare alleles' model explains many cases of rare alleles' model explains many cases of schizophrenia. Our hypothesis is that many schizophrenia. Our hypothesis is that many mutations predisposing to schizophrenia are mutations predisposing to schizophrenia are highly penetrant and individually rare, even highly penetrant and individually rare, even specific to single patients or families. In this specific to single patients or families. In this model, different families harbour different model, different families harbour different mutations, either in the same gene or in differmutations, either in the same gene or in different genes, but any one family carries only one ent genes, but any one family carries only one or two mutations. Many different diseaseor two mutations. Many different diseaseassociated mutations may occur in the same associated mutations may occur in the same gene. gene.
The 'common disease -common alleles' The 'common disease -common alleles' and 'common disease -rare alleles' models and 'common disease -rare alleles' models are not mutually exclusive (Goldstein & are not mutually exclusive (Goldstein & Chikhi, 2002) . Rare severe mutations may Chikhi, 2002) . Rare severe mutations may occur in genes that also harbour more occur in genes that also harbour more common variants with modest effects on common variants with modest effects on disease risk. However, the two models have disease risk. However, the two models have distinctly different implications for genedistinctly different implications for genefinding strategies. Most current psychiatric finding strategies. Most current psychiatric genetic research is designed to identify comgenetic research is designed to identify common alleles or haplotypes associated with mon alleles or haplotypes associated with with increased risk of disease and shared by with increased risk of disease and shared by large numbers of patients compared with large numbers of patients compared with appropriate controls (Merikangas & Risch, appropriate controls (Merikangas & Risch, 2003) . If many cases of schizophrenia stem 2003). If many cases of schizophrenia stem from individually rare large-effect alleles, from individually rare large-effect alleles, current approaches -even if executed current approaches -even if executed perfectly -will fail to identify critical genes. perfectly -will fail to identify critical genes. 2005) . Paternal age is also associated with increased age is also associated with increased rates of several types of rates of several types of de novo de novo germgermline mutations (Crow, 2003) . line mutations (Crow, 2003) .
(c) (c) The illness is associated with decreased
The illness is associated with decreased fertility ( fertility (Nimgaonkar, 1998; Haukka Nimgaonkar, 1998; Haukka et et al al, 2003) . If this had been the case over , 2003). If this had been the case over long periods, then the frequencies of long periods, then the frequencies of any ancient common alleles associated any ancient common alleles associated with schizophrenia would be reduced. with schizophrenia would be reduced. An ongoing contribution of new and An ongoing contribution of new and therefore individually rare risk alleles therefore individually rare risk alleles could explain the persistence of the could explain the persistence of the disorder. disorder.
To explain our reasoning, we first To explain our reasoning, we first describe recent findings in genomics and describe recent findings in genomics and genetics of other complex human disorders. genetics of other complex human disorders. Then we show that the results of schizoThen we show that the results of schizophrenia research are consistent with the exphrenia research are consistent with the existence of multiple individually rare alleles istence of multiple individually rare alleles of large effect. Finally, we consider the imof large effect. Finally, we consider the implications of this model for future schizoplications of this model for future schizophrenia research. phrenia research.
THE HUMAN GENOME THE HUMAN GENOME (Crow, 2000 (Crow, , 2003 . The increased (Crow, 2000 (Crow, , 2003 . The increased mutation rate associated with greater mutation rate associated with greater paternal age is particularly relevant, paternal age is particularly relevant, given that risk of schizophrenia is also given that risk of schizophrenia is also associated with paternal age. associated with paternal age. 
GENETIC HETEROGENEITY GENETIC HETEROGENEITY IN HUMAN DISEASE IN HUMAN DISEASE
The genetic heterogeneity of complex illThe genetic heterogeneity of complex illnesses is the natural result of the origins nesses is the natural result of the origins of human genetic variation. The oldest of human genetic variation. The oldest human alleles originated in Africa millions human alleles originated in Africa millions of years before people first migrated out of years before people first migrated out of Africa some 50 000 years ago (Cavalliof Africa some 50 000 years ago (CavalliSforza Sforza et al et al, 1994) . These ancient variants , 1994). These ancient variants are found in all human populations, are are found in all human populations, are the most common worldwide, and account the most common worldwide, and account for approximately 95% of human variafor approximately 95% of human variation. Yet the exponential growth of the tion. Yet the exponential growth of the human population has resulted in many human population has resulted in many new alleles, each individually rare and each new alleles, each individually rare and each specific to one population (or even one specific to one population (or even one family). Most alleles are of this sort. Thus family). Most alleles are of this sort. Thus the paradox: most human variation is the paradox: most human variation is ancient and shared; most alleles are recent ancient and shared; most alleles are recent and individually rare. Given the size of and individually rare. Given the size of the present human population and the rate the present human population and the rate of occurrence of new mutations, all mutaof occurrence of new mutations, all mutations compatible with life have probably tions compatible with life have probably already occurred and will occur again. already occurred and will occur again. However, mutations with deleterious However, mutations with deleterious effects before or during the reproductive effects before or during the reproductive years will be less frequently transmitted to years will be less frequently transmitted to subsequent generations owing to their subsequent generations owing to their adverse impact on fertility or viability. adverse impact on fertility or viability. Therefore, mutations with large effects on Therefore, mutations with large effects on disease may be disproportionately of recent disease may be disproportionately of recent origin and individually very rare. origin and individually very rare.
To the extent that any class of mutation To the extent that any class of mutation -point mutations, copy number errors or -point mutations, copy number errors or abnormalities of chromosome numberabnormalities of chromosome numberoccur spontaneously, they appear at similar occur spontaneously, they appear at similar rates in all human populations. All humans rates in all human populations. All humans share the same basic genomic architecture, share the same basic genomic architecture, including the same genomic regions vulnerincluding the same genomic regions vulnerable to mutations. The incidence of schizoable to mutations. The incidence of schizophrenia does not appear to vary phrenia does not appear to vary substantially across populations by virtue substantially across populations by virtue of genetic ancestry. This pattern is consisof genetic ancestry. This pattern is consistent with a disease due to multiple, indetent with a disease due to multiple, independent pendent de novo de novo mutations that arise in mutations that arise in many different vulnerable genes and genomany different vulnerable genes and genomic regions. Furthermore, environmental mic regions. Furthermore, environmental exposures with mutagenic consequences exposures with mutagenic consequences may lead to high rates of new mutations may lead to high rates of new mutations among exposed individuals. For example, among exposed individuals. For example, environmental factors such as maternal environmental factors such as maternal starvation that are associated with disease starvation that are associated with disease ( (Cannon Cannon et al et al, 2003) may mediate their , 2003) may mediate their effects through effects through de novo de novo genetic or epigenetic or epigenetic mutations. We explore this theme genetic mutations. We explore this theme in more detail below. in more detail below.
Complex illnesses are almost univerComplex illnesses are almost universally characterised by allelic heterogeneity sally characterised by allelic heterogeneity (multiple different mutations in the same gene (multiple different mutations in the same gene leading to disease) and locus heterogeneity leading to disease) and locus heterogeneity (mutations in multiple different genes leading (mutations in multiple different genes leading to the same disease) ( to the same disease) (Botstein & Risch, 2003; Botstein & Risch, 2003; Goldstein Goldstein et al et al, 2003) . We propose that both , 2003). We propose that both are characteristic of schizophrenia. To underare characteristic of schizophrenia. To understand the potential implications of genetic stand the potential implications of genetic heterogeneity for schizophrenia, we briefly heterogeneity for schizophrenia, we briefly consider other complex disorders for which consider other complex disorders for which genes have been identified. genes have been identified.
Deafness Deafness
To date, nearly a hundred genes have been To date, nearly a hundred genes have been identified that harbour inherited mutations identified that harbour inherited mutations leading to hearing loss ( leading to hearing loss (Petit Petit et al et al, 2001; , 2001; Friedman & Griffith, 2003) . All mutations Friedman & Griffith, 2003) . All mutations are recent and all but one are individually are recent and all but one are individually rare. The one frequent mutation, 30delG rare. The one frequent mutation, 30delG in connexin 26, is the exception that proves in connexin 26, is the exception that proves the rule, in that the same mutation has the rule, in that the same mutation has occurred independently numerous times in occurred independently numerous times in a mutational hot-spot. a mutational hot-spot.
Epilepsy Epilepsy
The inherited forms of epilepsy are characThe inherited forms of epilepsy are characterised by allelic and locus heterogeneity terised by allelic and locus heterogeneity ( (Meisler Meisler et al et al, 2001) . Mutations in any of , 2001). Mutations in any of several genes involved with neuronal signalseveral genes involved with neuronal signalling can lead to broadly defined epilepsy. ling can lead to broadly defined epilepsy. Rare mutations in three different sodium Rare mutations in three different sodium channel genes lead to one more narrowly channel genes lead to one more narrowly defined form of epilepsy (generalised epidefined form of epilepsy (generalised epilepsy with febrile seizures plus). lepsy with febrile seizures plus).
Alzheimer's disease Alzheimer's disease
Alzheimer's disease illustrates that the Alzheimer's disease illustrates that the 'common disease -common allele' and 'common disease -common allele' and 'common disease -rare allele' models need 'common disease -rare allele' models need not be mutually exclusive. The common not be mutually exclusive. The common e e4 4 allele of allele of APOE APOE (apolipoprotein E) is asso-(apolipoprotein E) is associated with a threefold to fourfold inciated with a threefold to fourfold increased risk in individuals of European creased risk in individuals of European descent of developing common, late-onset descent of developing common, late-onset Alzheimer's disease . On the Alzheimer's disease . On the other hand, multiple rare mutations in genes other hand, multiple rare mutations in genes encoding amyloid precursor protein ( encoding amyloid precursor protein (APP APP), ), presenilin 1 and 2 ( presenilin 1 and 2 (PS1 PS1 and and PS2 PS2) and ubiqui-) and ubiquilin 1 ( lin 1 (UBQLN1 UBQLN1) are responsible for familial ) are responsible for familial early-onset Alzheimer's disease. Therefore, early-onset Alzheimer's disease. Therefore, both common modest-effect alleles and rare both common modest-effect alleles and rare large-effect alleles have a role in Alzheimer's large-effect alleles have a role in Alzheimer's disease. The role of disease. The role of APOE4 APOE4 is an excellent is an excellent example of the 'common disease -common example of the 'common disease -common allele' model. However, the effect of allele' model. However, the effect of APOE4 APOE4 on Alzheimer's disease risk is substantially on Alzheimer's disease risk is substantially larger than the effect sizes of 2 or less that larger than the effect sizes of 2 or less that are typically estimated for schizophrenia are typically estimated for schizophrenia susceptibility genes. susceptibility genes.
Inherited predisposition to cancer Inherited predisposition to cancer
In each of the two major genes for inherited In each of the two major genes for inherited breast and ovarian cancer, breast and ovarian cancer, BRCA1 BRCA1 and and BRCA2 BRCA2, more than a thousand different , more than a thousand different pathogenic mutations have been found pathogenic mutations have been found (Walsh (Walsh et al et al, 2006) . Large genomic rearran-, 2006). Large genomic rearrangements account for about 10% of these gements account for about 10% of these mutations. All inherited mutations. All inherited BRCA1 BRCA1 and and BRCA2 BRCA2 mutations are individually rare. mutations are individually rare. Both locus and allelic heterogeneity are also Both locus and allelic heterogeneity are also characteristic of inherited colon cancer and characteristic of inherited colon cancer and the rarer cancer syndromes (Vogelstein & the rarer cancer syndromes (Vogelstein & Kinzler, 2004) . Kinzler, 2004) .
Lipid metabolic pathways Lipid metabolic pathways
Rare variants in genes related to lipid metaRare variants in genes related to lipid metabolism are associated with low levels of highbolism are associated with low levels of highdensity lipoprotein cholesterol (HDL-C) density lipoprotein cholesterol (HDL-C) (Cohen (Cohen et al et al, 2004) and low-density lipo-, 2004) and low-density lipoprotein cholesterol (LDL-C) (Cohen protein cholesterol (LDL-C) (Cohen et al et al, , 2006) . Although each variant is individu-2006). Although each variant is individually rare, in total these variants are found ally rare, in total these variants are found in a substantial portion of individuals at in a substantial portion of individuals at the far end of the spectrum in terms of the far end of the spectrum in terms of levels of HDL-C or LDL-C respectively. levels of HDL-C or LDL-C respectively.
These examples illustrate two ways in These examples illustrate two ways in which mutations of large effect are importwhich mutations of large effect are important for understanding human disease. First, ant for understanding human disease. First, the collective effect of individually rare muthe collective effect of individually rare mutations in the same gene may explain a contations in the same gene may explain a considerable proportion of an illness. Second, siderable proportion of an illness. Second, rare mutations in genes of large effect can rare mutations in genes of large effect can reveal pathways critical to disease developreveal pathways critical to disease development. ment.
IMPLICATIONS OF GENETIC IMPLICATIONS OF GENETIC HETEROGENEITY FOR GENE HETEROGENEITY FOR GENE DISCOVERY DISCOVERY
All complex illnesses evaluated thus far are All complex illnesses evaluated thus far are characterised by locus and allelic heterocharacterised by locus and allelic heterogeneity. Disease genes for these illnesses geneity. Disease genes for these illnesses have been identified primarily by positional have been identified primarily by positional cloning in large kindreds. Although subsecloning in large kindreds. Although subsequent association studies confirmed their quent association studies confirmed their role, the original gene discoveries were derole, the original gene discoveries were dependent upon individual highly informative pendent upon individual highly informative families. Such large informative kindreds families. Such large informative kindreds are extremely rare in schizophrenia. Linkare extremely rare in schizophrenia. Linkage studies of schizophrenia based on single age studies of schizophrenia based on single gene models have not been successful at gene models have not been successful at identifying causal mutations (Owen identifying causal mutations (Owen et al et al, , 2004 Currently, most gene-discovery strategies Currently, most gene-discovery strategies for schizophrenia research -case-parent for schizophrenia research -case-parent triad studies, candidate gene studies and triad studies, candidate gene studies and haplotype association studies -are designed haplotype association studies -are designed to identify alleles or haplotypes that appear to identify alleles or haplotypes that appear more frequently among affected individuals more frequently among affected individuals than among appropriate controls (Cannon than among appropriate controls (Cannon et al et al, 2003) . These designs are not robust , 2003). These designs are not robust to either allelic heterogeneity or locus to either allelic heterogeneity or locus heterogeneity. Sib-pair linkage analyses heterogeneity. Sib-pair linkage analyses are designed to detect genomic regions are designed to detect genomic regions consistently shared by affected siblings. consistently shared by affected siblings. Sib-pair analyses are robust to allelic Sib-pair analyses are robust to allelic heterogeneity but not to locus heterogeneheterogeneity but not to locus heterogeneity. For each of these designs, hundreds or ity. For each of these designs, hundreds or thousands of rigorously diagnosed cases of thousands of rigorously diagnosed cases of unrelated affected and unaffected individunrelated affected and unaffected individuals are examined. If a substantial portion uals are examined. If a substantial portion of schizophrenia stems from different indiof schizophrenia stems from different individually rare alleles, increasing the number vidually rare alleles, increasing the number of cases also increases the number of differof cases also increases the number of different disease risk mutations represented ent disease risk mutations represented among them. As a result, increasing sample among them. As a result, increasing sample size does not confer a corresponding insize does not confer a corresponding increase in statistical power. In the most excrease in statistical power. In the most extreme scenario, in which every case results treme scenario, in which every case results from a different mutation, an increase in from a different mutation, an increase in sample size would not lead to any increase sample size would not lead to any increase in the power to detect any one mutation. in the power to detect any one mutation. Consequently, even very large studies may Consequently, even very large studies may fail to detect individually rare disease risk fail to detect individually rare disease risk mutations. mutations.
In addition, genetic analyses that focus In addition, genetic analyses that focus only on single nucleotide polymorphisms only on single nucleotide polymorphisms (SNPs), either individually or in haplotypes, (SNPs), either individually or in haplotypes, rather than fully sequenced DNA, will inrather than fully sequenced DNA, will inevitably miss rare disease alleles and thus evitably miss rare disease alleles and thus fail to detect critical genes harbouring such fail to detect critical genes harbouring such alleles. Association and linkage studies genalleles. Association and linkage studies generally assume that individuals sharing the erally assume that individuals sharing the same SNP-defined haplotype share the ensame SNP-defined haplotype share the entire region, including any hypothetical emtire region, including any hypothetical embedded disease alleles. This assumption is bedded disease alleles. This assumption is reasonable for ancient alleles and nearly alreasonable for ancient alleles and nearly always true for related individuals for whom ways true for related individuals for whom there is direct inheritance of the haplotype. there is direct inheritance of the haplotype. However, this assumption is not reasonable However, this assumption is not reasonable for a study of unrelated individuals who carfor a study of unrelated individuals who carry disease alleles of recent origin. Rare recent ry disease alleles of recent origin. Rare recent mutations causing schizophrenia within the mutations causing schizophrenia within the same haplotype will differ among unrelated same haplotype will differ among unrelated individuals, diluting any association. individuals, diluting any association. , 2004) . However, no variant of dysbindin has been specifically linked to bindin has been specifically linked to schizophrenia. Across different studies, the schizophrenia. Across different studies, the risk conferred by any dysbindin variant is risk conferred by any dysbindin variant is small, with effect sizes of about 2.0 or less. small, with effect sizes of about 2.0 or less. Among positive association studies, the speAmong positive association studies, the specific alleles associated with the disease difcific alleles associated with the disease differ. Moreover, an allele may be associated fer. Moreover, an allele may be associated with increased disease risk in some studies with increased disease risk in some studies and decreased risk in others (Owen and decreased risk in others (Owen et al et al, , 2004) . In general, the variants of interest 2004). In general, the variants of interest (defined by SNPs) are common and without (defined by SNPs) are common and without known functional significance. An excepknown functional significance. An exception is SNP rs1047631, which has been astion is SNP rs1047631, which has been associated with differences in the expression sociated with differences in the expression of dysbindin in brain (Funke of dysbindin in brain (Funke et al et al, 2004) . , 2004). However, the frequency of the haplotype However, the frequency of the haplotype with this SNP was similar between cases with this SNP was similar between cases (45.6%) and controls (40.4%). Thus far, (45.6%) and controls (40.4%). Thus far, resequencing efforts have not revealed any resequencing efforts have not revealed any coding sequence mutations in dysbindin coding sequence mutations in dysbindin among individuals with schizophrenia among individuals with schizophrenia ( (Liao & Chen, 2004) . Liao & Chen, 2004) .
TWO CANDIDATE GENES T WO CANDIDATE GENES
Therefore, at present the evidence supTherefore, at present the evidence supporting dysbindin is mixed. Variable assoporting dysbindin is mixed. Variable associations with different alleles have been ciations with different alleles have been attributed to allelic heterogeneity; yet alleattributed to allelic heterogeneity; yet allelic heterogeneity refers to different diseaselic heterogeneity refers to different diseasecausing mutations in the same gene, not to causing mutations in the same gene, not to the same allele reducing risk in some cases the same allele reducing risk in some cases and increasing risk in others. There are at and increasing risk in others. There are at least three possible interpretations of these least three possible interpretations of these data. The most favoured in the literature data. The most favoured in the literature is that dysbindin variants mediate disease is that dysbindin variants mediate disease risk as part of a complex interaction with risk as part of a complex interaction with other genes and environmental factors. This other genes and environmental factors. This is possible, in principle, although difficult is possible, in principle, although difficult to test given the challenge of establishing to test given the challenge of establishing the role of a mediating factor of small effect the role of a mediating factor of small effect on a complex illness of unknown cause. on a complex illness of unknown cause.
A second possibility is that relatively A second possibility is that relatively rare, as yet unidentified variants in the rare, as yet unidentified variants in the dysbindin locus are embedded in illnessdysbindin locus are embedded in illnessassociated haplotypes in some, but not all, associated haplotypes in some, but not all, cases (including those potentially located cases (including those potentially located in non-coding regulatory regions). Such in non-coding regulatory regions). Such alleles could have substantial effects on alleles could have substantial effects on the phenotype, but would be masked by the phenotype, but would be masked by studying only the common haplotype. The studying only the common haplotype. The third possibility is that many, most, or all third possibility is that many, most, or all of the various positive associations with of the various positive associations with dysbindin are false positives. The number dysbindin are false positives. The number of different positive association studies (alof different positive association studies (albeit with different variants) is taken as beit with different variants) is taken as priprima facie ma facie evidence that the gene must be evidence that the gene must be involved with the disorder. However, dysinvolved with the disorder. However, dysbindin, like many genes involved with brain bindin, like many genes involved with brain development, is large ( development, is large (4 4140 kb). The dys-140 kb). The dysbindin locus includes at least 363 SNPs bindin locus includes at least 363 SNPs (Hinrichs (Hinrichs et al et al, 2006) , from which various , 2006), from which various candidates are selected for association stucandidates are selected for association studies. Incorporating linkage disequilibrium dies. Incorporating linkage disequilibrium across the locus, many thousands of SNP across the locus, many thousands of SNP and haplotype combinations appear in difand haplotype combinations appear in different populations. The potential for false ferent populations. The potential for false positives is enormous. Unless negative and positives is enormous. Unless negative and positive studies were published with equal positive studies were published with equal frequency, this possibility is also nearly frequency, this possibility is also nearly impossible to test. impossible to test.
In contrast, In contrast, DISC1 DISC1 and its associated and its associated non-coding antisense RNA non-coding antisense RNA DISC2 DISC2 were were originally identified by a balanced translooriginally identified by a balanced translocation involving chromosome 1q42 which cation involving chromosome 1q42 which segregated with schizophrenia (and other segregated with schizophrenia (and other major psychiatric disorders) over four genmajor psychiatric disorders) over four generations in a large Scottish kindred (St Clair erations in a large Scottish kindred (St Clair et al et al, 1990; Millar , 1990; Millar et al et al, 1998 Millar et al et al, , 2000 . Sachs , 1998 Sachs , , 2000 . Sachs et et al al (2005) found that a frameshift mutation (2005) found that a frameshift mutation that abnormally truncates that abnormally truncates DISC1 DISC1 co-segreco-segregated with schizophrenia in three siblings. gated with schizophrenia in three siblings. However, this mutation is also rarely found However, this mutation is also rarely found in controls with unknown diagnostic status in controls with unknown diagnostic status (Green (Green et al et al, 2006) . The gene , 2006). The gene PDE4B PDE4B (phosphodiesterase 4B), which interacts (phosphodiesterase 4B), which interacts with with DISC1 DISC1 in the neuronal cyclic adenosine in the neuronal cyclic adenosine monophosphase (AMP) pathway, was dismonophosphase (AMP) pathway, was disrupted by a balanced translocation in two rupted by a balanced translocation in two related individuals with chronic psychotic related individuals with chronic psychotic illnesses ( illnesses (Millar Millar et al et al, 2005) . Finally, mice , 2005). Finally, mice with a deletion variant that disrupts the with a deletion variant that disrupts the DISC1 protein have working memory deficits DISC1 protein have working memory deficits ( (Koike Koike et al et al, 2006) . These findings suggest a , 2006). These findings suggest a role of rare large-effect mutations of role of rare large-effect mutations of DISC1 DISC1 and of genes involved in and of genes involved in DISC1 DISC1 pathways in pathways in the development of schizophrenia. the development of schizophrenia.
Not surprisingly, Not surprisingly, DISC1 DISC1 became the became the subject of association studies. Haplotypes subject of association studies. Haplotypes of of DISC1 DISC1 were associated with schizowere associated with schizophrenia and other mental illness in European phrenia and other mental illness in European . However, disease-risk haplotypes vary across populations and effect types vary across populations and effect sizes are small. Therefore, although there sizes are small. Therefore, although there is compelling evidence that rare large-effect is compelling evidence that rare large-effect mutations in mutations in DISC1 DISC1 are associated with are associated with schizophrenia, it is not clear schizophrenia, it is not clear whether whether common polymorphisms play a part. common polymorphisms play a part.
IMPLICATIONS IMPLICATIONS FOR GENETIC RESEARCH FOR GENETIC RESEARCH IN SCHIZOPHRENIA IN SCHIZOPHRENIA
The 'common disease -rare allele' model The 'common disease -rare allele' model has important implications for gene-finding has important implications for gene-finding strategies. A current mantra in schizostrategies. A current mantra in schizophrenia genetic research is the need for phrenia genetic research is the need for ever-larger sample sizes in order to obtain ever-larger sample sizes in order to obtain adequate statistical power to detect comadequate statistical power to detect common small-effect variants (Devon mon small-effect variants (Devon et al et al, , 2001 ). These designs are dependent upon 2001). These designs are dependent upon the existence of disease-risk alleles that the existence of disease-risk alleles that are shared across large numbers of unare shared across large numbers of unrelated cases. These strategies will be inaderelated cases. These strategies will be inadequate if schizophrenia in large part stems quate if schizophrenia in large part stems from individually rare disease-risk mutafrom individually rare disease-risk mutations in a large number of different genes. tions in a large number of different genes.
We propose an alternative strategy in We propose an alternative strategy in selecting cases for study. Rare cases of selecting cases for study. Rare cases of schizophrenia with mutations that can be schizophrenia with mutations that can be individually detected using current genomic individually detected using current genomic technologies are extremely valuable. It is technologies are extremely valuable. It is worthwhile devoting resources to finding worthwhile devoting resources to finding them. It has been recognised for decades them. It has been recognised for decades that such cases would include any large that such cases would include any large kindred with a number of well-diagnosed kindred with a number of well-diagnosed individuals or cases with identifiable genoindividuals or cases with identifiable genomic events of recent origin (e.g. balanced mic events of recent origin (e.g. balanced translocations). The emerging story of translocations). The emerging story of DISC1 DISC1 highlights this strategy, since the highlights this strategy, since the gene was originally identified by a balanced gene was originally identified by a balanced translocation on chromosome 1q42 cotranslocation on chromosome 1q42 coinherited with schizophrenia ( inherited with schizophrenia (Millar Millar et al et al, , 1998) . Similar promising findings have 1998). Similar promising findings have been noted for specific genes in the 22q11 been noted for specific genes in the 22q11 region ( region (Maynard Maynard et al et al, 2002 ), stemming in , 2002 , stemming in part from the recognised association between part from the recognised association between deletions at 22q11 (i.e. the velo-cardio-facial deletions at 22q11 (i.e. the velo-cardio-facial syndrome) and schizophrenia. syndrome) and schizophrenia.
Current genomic technology now enCurrent genomic technology now enables the identification of an increasingly ables the identification of an increasingly large number of classes of mutations. Herelarge number of classes of mutations. Heretofore, identifiable genomic events have tofore, identifiable genomic events have been limited to chromosomal abnormalities been limited to chromosomal abnormalities such as translocations or deletions. Howsuch as translocations or deletions. However, as the resolution of genome-wide ever, as the resolution of genome-wide mutation screening technologies improves, mutation screening technologies improves, smaller genomic events in informative cases smaller genomic events in informative cases or families can be detected. Once identified, or families can be detected. Once identified, a gene altered by a single chromosomal a gene altered by a single chromosomal event becomes a candidate to be screened event becomes a candidate to be screened for other (typically smaller) mutations in for other (typically smaller) mutations in other cases. Advanced resequencing techother cases. Advanced resequencing technology allows for more rapid identification nology allows for more rapid identification of mutations in candidate genes. The occurof mutations in candidate genes. The occurrence of multiple deleterious mutations rence of multiple deleterious mutations among unrelated cases provides both bioloamong unrelated cases provides both biological evidence and epidemiological support gical evidence and epidemiological support for the causal role of the gene, using genefor the causal role of the gene, using genebased hypothesis testing strategies (Chen based hypothesis testing strategies (Chen et al et al, 2006 (Chen et al et al, ). , 2006 . Individuals who develop schizophrenia Individuals who develop schizophrenia following a known environmental exposure following a known environmental exposure are also potentially informative. Such expoare also potentially informative. Such exposures may focus gene discovery in two sures may focus gene discovery in two ways. First, genomic approaches (e.g. ways. First, genomic approaches (e.g. resequencing efforts) can focus on candiresequencing efforts) can focus on candidate genetic pathways relevant to the susdate genetic pathways relevant to the suspected exposure, screening for otherwise pected exposure, screening for otherwise benign variants that are deleterious given benign variants that are deleterious given the exposure. For example, associations bethe exposure. For example, associations between schizophrenia and tween schizophrenia and in utero in utero exposure exposure to maternal starvation ( to maternal starvation (Susser Susser et al et al, 1996; , 1996; St Clair St Clair et al et al, 2005) , and associations be-, 2005), and associations between schizophrenia and genes in the folate tween schizophrenia and genes in the folate metabolic pathway (Lewis metabolic pathway (Lewis et al et al, 2005; Picker & Coyle, 2005) suggest that Picker & Coyle, 2005) suggest that mutations in genes in the folate metabolism mutations in genes in the folate metabolism network could be linked to the illness. network could be linked to the illness. Second, the mutagenic effects of the envirSecond, the mutagenic effects of the environmental exposure can be evaluated. onmental exposure can be evaluated. Following the same example, gestational Following the same example, gestational folate deficiency may be mutagenic, in that folate deficiency may be mutagenic, in that it leads to an increase in the rate of mutait leads to an increase in the rate of mutation genome-wide (McClellan tion genome-wide (McClellan et al et al, 2006 As informative cases are identified, As informative cases are identified, genomic technologies are needed for effigenomic technologies are needed for efficient screening for potential disease-associent screening for potential disease-associated mutations. Effective transcriptomeciated mutations. Effective transcriptomeand proteome-based tools are needed to and proteome-based tools are needed to characterise such variants. These technolocharacterise such variants. These technologies are under rapid development. It is gies are under rapid development. It is already possible to detect deletions, already possible to detect deletions, duplications and other chromosomal aberduplications and other chromosomal aberrations of multiple kilobases anywhere in rations of multiple kilobases anywhere in the genome, and the sensitivity of these the genome, and the sensitivity of these methods for detecting smaller mutations is methods for detecting smaller mutations is improving (Sebat improving (Sebat et al et al, 2004; Sharp , 2004; Sharp et al et al, , 2005) . Resequencing tools are increasingly 2005). Resequencing tools are increasingly efficient, so large numbers can be screened efficient, so large numbers can be screened for rare events in candidate genes first idenfor rare events in candidate genes first identified by rare, individually detectable tified by rare, individually detectable events. User-friendly bioinformatics reevents. User-friendly bioinformatics resources now exist to help characterise the sources now exist to help characterise the structure and function of potential candistructure and function of potential candidate genes. It is increasingly possible to date genes. It is increasingly possible to characterise not only mutations in protein characterise not only mutations in protein coding sequence but also mutations and coding sequence but also mutations and epigenetic changes in regulatory regions, epigenetic changes in regulatory regions, in non-coding RNA and in transposable in non-coding RNA and in transposable elements. elements.
To summarise, we propose that indiviTo summarise, we propose that individually rare alleles with large effect, many dually rare alleles with large effect, many of which are recent in origin, have a subof which are recent in origin, have a substantial role in causing schizophrenia. Curstantial role in causing schizophrenia. Current research designs that focus on rent research designs that focus on collecting large samples of unrelated indicollecting large samples of unrelated individuals for analysis of shared alleles or hapviduals for analysis of shared alleles or haplotypes are not suitable for detecting such lotypes are not suitable for detecting such disease alleles. In contrast, rare disease disease alleles. In contrast, rare disease mutations may be revealed by studies of mutations may be revealed by studies of individuals and families that harbour inindividuals and families that harbour informative genomic events, and by studies formative genomic events, and by studies of exposed cohorts. A gene harbouring of exposed cohorts. A gene harbouring one mutation predisposing to schizophrenia one mutation predisposing to schizophrenia is likely to harbour more than one, with freis likely to harbour more than one, with frequencies ranging from relatively common quencies ranging from relatively common to rare, and effects ranging from modest to rare, and effects ranging from modest to severe. To see one is not to see them all. to severe. To see one is not to see them all. of human spontaneous mutation.
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